X-ray microanalysis of freeze-dried labial gland cryosections revealed that Na concentration was doubled and the Ca/S concentration ratio was decreased in secretory granules of labial glands from patients with cystic fibrosis (CF) when compared with glands from normal subjects. Other results suggested that the decrease in the Ca/S concentration ratio resulted from an increase in S concentration. These findings imply that mucous granules in labial saliva showed a CFrelated increase in Na and S content, and such changes would be expected to affect the rheology of the mucus after exocytosis. In contrast with a previous study in human parotid glands, no evidence was found for CF-related changes in cytoplasmic or nuclear Na, K, and Ca concentrations. Significant elemental differences were found between secretory granules and nuclei and cytoplasm of control cells.
Introduction
Mucus is of interest to many investigators who study cystic fibrosis (CF)' because of its central role in the bronchial pathology of the disease. One of the difficulties in studying CF-related changes in mucus physiology has been the lack of a convenient experimental preparation. We propose the human labial salivary gland as a model for such studies. Several factors contribute to this choice. First, labial salivary glands consist primarily of mucous acini (1) , and thus may serve as models for mucous glands of the tracheal-bronchial tree. Second, labial glands are affected in CF, as indicated by the disease-related increase in labial saliva Na concentration (2) and by histopathological findings (3, 4) . Third, the glands are easily available by labial biopsy. In addition, we now present evidence that labial gland mucous granules showed a disease-related increase in sodium content and highly suggestive evidence for an increased sulfur content. Both these changes could alter the Theological properties of mucus, and so could affect its transport in vivo (5, 6) . Additionally, the present results allow us to test whether the marked CF-related changes in elemental concentrations previously reported in human parotid glands (7) occur in human labial glands, and to determine the subcellular distributions of any such changes. Finally, the present report Received for publication 10 October 1984 and in revised form 29 January 1985.
1. Abbreviation used in this paper: CF, cystic fibrosis.
is the first to give intracellular elemental concentrations for a human salivary gland using the microprobe method.
Methods
The X-ray microanalysis technique was used to test for CF-related increases in Na, S, Cl, K, and Ca contents of secretory granules from human labial glands.
Subjects. Volunteers with CF were admitted to this study if they fulfilled at least two of the following criteria: (a) a sweat Cl concentration > 60 mM by quantitative pilocarpine iontophoresis, (b) evidence of chronic obstructive pulmonary disease (i.e., abnormal chest X-ray or abnormal pulmonary function test), and (c) evidence of exocrine pancreatic insufficiency. Disease severity was evaluated using the scores (i.e., NIH scores) proposed by Taussig et al. (8) . Pulmonary function was evaluated using functional vital capacities as obtained from clinical records.
Normal volunteers were admitted to this study if they were Caucasian, <30 yr of age, and in excellent health. All participants received financial compensation, and all procedures were approved by the University of Washington Human Subjects Committee, Seattle, WA.
Labial glandfragments. Labial salivary gland fragments between 1 and 2 mm in length were obtained from the lower inner lip under standard dental anesthetic conditions. Gland fragments were excised and either placed in formalin for light microscopy or positioned on stainless steel chucks so as to decrease the Analyses were made with the folding grids opened after freeze-drying, and the specimen continuum count corrected for the continuum contribution of a single support film. Emitted x rays from various cell structures were detected with a 30 mm2 Si(Li) crystal, and x-ray energy spectra were generated with a pulse height analyzer (model 7000; Kevex X-ray Tube Div., Kevex Corp., Scotts Valley, CA). The spectra were analyzed with a dedicated PDP-1 microcomputer (Digital Equipment Co., Marlboro, MA) using a digital filtration and least squares fitting program (9) . The analysis uses the ratio of peak counts to continuum (1.00-3.90 keV in our case) count to calculate elemental Labial Gland Secretory Granules mass fractions as described by Hall et al. (10) . Binary salt standards were used to establish relative counting efficiencies, and S in an albumin sample was used as an absolute standard. The remaining absolute proportionality constants were then obtained using the relative proportionality constants. The resulting concentrations and patient information were stored and analyzed in a CDC Cyber 170-750 mainframe computer (Control Data Corp., Minneapolis, MN).
Elemental concentrations from patients and controls were compared using several statistical procedures: the oneway analysis of variance with linear contrast by disease status, the unpaired t test between means of means for each subject segregated by disease status, and the nonparametric Mann-Whitney U rank test (1 1) . The first of the above parametric tests was included primarily for comparative purposes. The only previous quantitative application of the microprobe method to the study of CF used the t test over all values (which is equivalent to the oneway analysis of variance when there are two groups) to test for disease-related changes in elemental concentrations of cultured fibroblasts (12) . The nonparametric rank test was included since it is appropriate for small sample numbers and is less sensitive to the effect of extreme values than the parametric tests.
A disease-related difference in Ca/S concentration ratio was also investigated. This elemental ratio has advantages over the absolute concentrations because it is independent of sources of errors such as continuum measurement and film correction which are used in calculating the absolute elemental concentrations (9, 10) . Specifically, when calculated concentrations for a given spectrum are expressed as a ratio, the sample continuum counts that are the same for both elements cancel out, leaving only the ratio of elemental counts; i.e., from reference 10: (concentration XI)/(concentration X2) = (elemental counts Xi/sample continuum counts)/(elemental counts X2/sample continuum counts) = (elemental counts X,)/(elemental counts X2). Thus, the concentrations ratios are based on fewer measured variables and require fewer calculations than the concentrations themselves. Hence, they are more precise. The only inconvenience in the use of such ratios is that the interpretation of changes in them is not as simple as for concentration changes.
Elemental concentration differences between organelles in control cells were examined using the oneway analysis of variance on the means of means and Duncan's method for least significant differences. The findings from the analysis of variance were confirmed by the Kruskal-Wallis nonparametric oneway analysis of variance which was required since the data did not meet (and could not be transformed to meet) the requirements for homoscedasticity (13).
Correlations between the elemental concentrations and the various experimental parameters (e.g., film continuum counts, Chi square of fit, Cu count, etc.) were tested using the regression routine (13).
Mass loss during beam exposure was evaluated in a separate series of experiments using a series of 25-s (live time) counts for each of the elements and the continuum. The initial count was typically obtained with a dose of about 2.6 X 10-4 C/cm2, and the final accumulated dose was about 2.7 X 103 C/cm2. Care was taken to monitor for contamination, sample drift and shrinkage, and current drift. Mass loss was evaluated by regressing continuum (or specific elemental) counts against dose. All tests were done using the Statistical Package for the Social Sciences (13).
Results
CF patients. Six patients (five males and one female) with CF from the Cystic Fibrosis Center at Children's Orthopedic Hospital and Medical Center (Seattle, WA) volunteered for this study. All patients were between 18 and 30 yr of age and had a wide range of disease severity (NIH scores, 35-85). All patients were colonized with Staphylococcus aureus and/or Pseudomonas aeruginosa (Table I ).
All six patients had taken an enteric-coated enzyme product and fat soluble vitamin supplements for many years. They also received a variety of antibiotics. Patients with only S. aureus colonization had received either Cephalexin or dicloxacillin in the previous year. Patients with P. aeruginosa colonization had received oral trimethoprimsulfamethoxazole, tetracycline, or intravenous aminoglycosides and a urido penicillin in the previous year.
Only two patients used bronchodilators: patient 8, theophylline and metaproteronal; patient 7, metaproteronal. These two patients also used antacids periodically. Patient 8 received morphine sulfate and meperidine for severe headaches.
Controls. Five normal, healthy subjects (two males and three females) between 21 and 30 yr of age volunteered for the study.
All subjects tolerated the biopsy procedure well. Approximately half reported soreness of several days' duration. A 24-h telephone number was available in case of discomfort, but no calls were received, and all cases healed without incident.
Electron microscopy of freeze-dried cryosections. Acinar cells were frequently observed in the freeze-dried cryosections, but duct cells were not (Fig. 1) . Intracellular and extracellular spaces were clearly discernible. Nuclear and cytoplasmic regions were also discernible, as were secretory granules. At least a few secretory granules were observed in nearly all cells. Only electron dense secretory granules were selected for study. Elemental analysis. The electron beam raster area could readily be adjusted to include the selected structures. X-ray spectra from secretory granules consisted primarily of P, S, C1, K, and Ca peaks (Fig. 2) . Computed elemental concentrations in secretory granules are presented in Table II. CF vs. control secretory granules. Comparisons of elemental concentrations in secretory granules from control-and CFaffected glands using different statistical methods yielded different findings. Significant CF-related increases in Na, K, Cl, and S concentrations but not in Ca concentration were obtained with the linear contrast in the one way analysis of variance (P = 0.001, 0.001, 0.003, 0.001, and 0.001, respectively) and the Mann-Whitney U over all values (0.0001, 0.001, 0.001, 0.0001, and 0.0001, respectively). However, only the increase in Na concentration was significant by the t test and Mann-Whitney U test of means of means (P = 0.03 and 0.05, respectively). A disease-related decrease in Ca/S ratio significant at the P < 0.05 level was detected by all tests (for controls, Ca/S = 0.22±0.02 (SEM); for CFs, Ca/S = 0.16±0.02: values are means of the means from each subject). Tests for systematic differences between groups. Comparison of Chi square for curve-fitting, magnification, Cu and Si concentrations, and the ratio of film continuum to total continuum counts yielded several significant differences between control and CF groups. However, none of the elemental concentrations were significantly correlated with these parameters. Thus, intergroup differences in these parameters did not account for the observed disease-related differences in secretory granule elemental concentrations and concentration ratio.
Correlation of secretory granule elemental concentrations with disease severity. There were no strong correlations between the elemental concentrations in secretory granules and disease severity. S, Cl, and K concentrations were significantly correlated with Taussig score (P = 0.01), but the regressions only accounted for 10-32% of the observed variations in results.
Mass loss. Little or no mass loss was detected for doses between 2.6 X 10-' to 4.5 X 10-3 C/cm2. Between 4.5 X 10-3 and 1.0 C/cm2, there was an -40% mass (i.e., continuum count) loss. At higher doses, there was no further loss. S counts decreased in a similar fashion as the continuum counts, but the final amount of S loss was 75%. No significant elemental losses were detected for Na, Cl, K, or Ca. Since all spectra were obtained with exposures > 1.0 C/cm2, the calculated concentrations were adjusted accordingly.
Findings in cytoplasmic and nuclear spaces. No significant disease-related differences in elemental concentrations were detected in cytoplasmic and nuclear spaces by the tests of means of means (Table III) .
Significant intracellular differences were found in elemental concentrations of control cells (Table III) . K concentrations in all three organelles were significantly different from one another, ce level for t test between mean of means from controls and patients while Ca, Cl, and S concentrations in secretory granules were significantly different from those in cytoplasm and nuclei.
Discussion
Interpretation of CF results. The present results indicate that secretory granules in labial glands from patients with CF tested under nonstimulated conditions had significantly different elemental concentrations from control glands: Na concentration was significantly elevated, and the ratio of Ca/S was significantly decreased. On the average, Na concentration in CF secretory granules was about twice that in controls (Table II) , while the Ca/S ratio decreased by -25%. The most likely interpretation of the latter finding is that the ratio decreased because S concentration increased, as indicated by the linear contrast and Mann-Whitney results. The fact that the tests of means of means detected a statistically significant difference for the Ca/S concentration ratio but not for the Ca and S concentrations themselves probably reflects the increased precision inherent in the concentration ratios. Use of such ratios rendered the results independent of two factors that contribute to the variability in the absolute concentrations: estimation of continuum counts and estimation of film continuum. Absolute concentrations were proportional to elemental counts divided by the term (total continuum counts minus film counts), while the concentration ratio was equal to the ratio of elemental counts alone.
The fact that a significant CF-related difference in Na concentration was detected in secretory granules but not in cytoplasm nor in nuclei (Table III) suggests a site-specific lesion. Fig. 4 shows the difference between patients with CF and those with conducting airway disease to be significant at the 0.01 level. Since the more highly acidic components also had higher sulfate levels (their Table III), it Labial Gland Secretory Granules 1955 follows that the mucins are also significantly more highly sulfated. Boat et al. argue that such sulfation changes could also affect the rheological properties of CF mucin.
The present findings indicate that the elemental concentration differences reported here are not significantly correlated with disease severity. Although statistically significant correlations were obtained between S, Cl, and K concentrations and Taussig score, the correlation coefficients were small (r = 0.29, 0.45, and 0.58, respectively), and explained at most only 34% of the variance in the K results.
Comparison with previous parotid gland results. The present results in human labial glands (Table III) contrast with results reported earlier for human parotid glands, where glandular Na and Ca concentrations were significantly increased and K concentration decreased (7) . One possible explanation for the difference in findings is that the previous differences arose from an inability to precisely control time after death when different samples were obtained. However, another possibility is that the concentration changes are unique to severely ill patients, since all of the patients in the previous study had succumbed to complications of CF. This latter possibility is supported by our observation that the most severely affected patient in the present study had cytoplasmic elemental concentration changes identical to those previously reported for the parotid (7). Thus, further work will be required to establish whether significant cytoplasmic elemental concentration changes occur in severely affected patients with CF.
